Abstract-The biomarker concept is an important approach of modern ecotoxicology based on the detection and quantification of molecular, biochemical, cellular, or physiological alterations in organisms as the result of exposure to toxic compounds. In the present study, the biomarker potential of two metallothionein (MT) isoforms from hepatopancreas and mantle tissue of the Roman snail, Helix pomatia L., is evaluated. This species possesses two MT isoforms with specific functions: The Cd-specific isoform (Cd-MT) is predominantly induced and expressed in the hepatopancreas upon Cd exposure. It binds and inactivates this potentially toxic trace element. The second isoform is Cu-specific (Cu-MT), primarily expressed in the mantle tissue and responsible for the homeostatic regulation of Cu. The differential expression and metal-specificity of the two isoforms make them potential candidates for a dual MT biomarker system based on an isoform-specific approach. This study shows that Cd-MT and Cu-MT of H. pomatia can reliably be quantified by a differential metal saturation approach that could be used for environmental biomarker studies. The approach works by virtue of the following preconditions: The two isoforms differ from each other with respect to their molecular and biochemical features, they show metal-specific binding preferences, they are organ-specific, they exhibit distinct induction patterns in response to the metals to which they bind, and their biological and functional background is thoroughly known.
INTRODUCTION
The biomarker approach, an essential concept of modern ecotoxicology, is based on the detection and quantification of molecular, biochemical, physiological, or cellular alterations in organisms due to exposure to toxic compounds [1, 2] . The idea behind this concept is to directly relate the bioavailability of toxic substances to reactions of organisms at the subindividual level to obtain an early warning signal for hazards to ecosystems before serious or even lethal effects to important species become apparent [3] . A modern view of this concept is related to the intention of combining various biomarkers from different key species in a battery-like approach in order to achieve the most reliable prediction about the quality and extent of hazards to which a given ecosystem is subjected as the result of environmental pollution [2] . Accordingly, the significance of a single biomarker response must be interpreted with caution, considering that the parameter in question might reflect the environmental condition of a stressed population or ecosystem to an only limited extent. On the other hand, there is no doubt about the necessity of testing as many parameters as possible for their suitability as biomarkers in different species and under varying environmental conditions. Among the various biochemical biomarkers that have so far been proposed or tested are the activity of cytochrome P450 enzymes [4] , isozyme patterns [2] , expression of heat shock proteins [5] , and induction of metallothioneins (MTs) [6, 7] . Cytochrome P450 enzymes, heat shock proteins, and MTs have a particular potential as valuable biomarkers, since their activity and/or * To whom correspondence may be addressed (reinhard.dallinger@uibk.ac.at).
synthesis can be induced in response to environmental pollution by certain substances or categories of chemicals [8] . Metallothioneins, for example, are expressed at basal levels in many species, but can rapidly rise to much higher concentrations in the response of organisms to induction by certain metals, organic toxicants, or physical stress [9, 10] .
The present study focuses on the biomarker potential of MTs in terrestrial gastropods with special emphasis on the situation in the Roman snail, Helix pomatia. It has been shown that terrestrial helicids possess distinct MT isoforms that are expressed in different tissues, where they fulfill metal-specific tasks [11] [12] [13] [14] . In the Roman snail, for example, one isoform is quickly induced upon Cd exposure [6] , binding a predominant proportion of this metal in the hepatopancreas [15] , whereas a second isoform, apparently involved in Cu binding and metabolism, can be isolated from the snail's mantle [13] . The existence of metal-specific MTs differentially involved in the detoxification of nonessential Cd and the metabolism of essential Cu renders these molecules potential candidates for a differential biomarker system based on an isoform-specific approach. [10] . In order to achieve this goal, however, verification must be attained that the two isoforms react to exogenous stressors by different responses and that they can be quantified independently from each other. In the first of two articles, it will be shown that the different response patterns of the two isoforms are based on different molecular, biochemical, and functional properties. In fact, the two isoforms differ so consistently among each other with respect to these features that they can be easily assessed separately without significant reciprocal interference, thus providing a true isoform-specific approach. In this approach, both isoforms are quantified by specific metal saturation assays derived from earlier published methods that were properly modified and adapted for the requirements of the present study. In a companion article, the suitability of this dual biomarker approach is tested under laboratory and contaminated field conditions.
MATERIALS AND METHODS

Animals
Roman snails (H. pomatia L.) were used for all laboratory experiments. Laboratory cultures of commercially available snails (supplied by Exoterra, Dillingen, Germany) were established to begin in (May) of each of three subsequent summer seasons and maintained until November of the same year. Animals were kept in groups of 80 to 100 individuals each in plastic boxes (30 ϫ 20 ϫ 80 cm) covered with perforated glass panes on a 5-cm layer of commercial garden soil supplemented with CaCO 3 (pH 7-7.5) and maintained at constant temperature (20ЊC) and humidity (80%) at a light regime of 12L:12D. The substrate was moistened with tap water, and animals were fed fresh lettuce (Lactuca sativa), carrots, and potato slices three times per week.
Metallothionein induction experiments with Cd and Cu
If not specified otherwise, metal exposure experiments were carried out under laboratory conditions (see above). Adult individuals of a distinct size class (18-24 g fresh wt) were taken from laboratory cultures and transferred to plastic boxes (23 ϫ 33 ϫ 14 cm) with perforated lids where they were kept in groups of 5 to 30 individuals each, with one group for each metal concentration. Exposure to metals (Cd, Cu) was achieved by feeding snails metal-enriched lettuce (L. sativa) that had been soaked for 1 h in metal salt solutions (CdCl 2 or CuCl 2 ) prepared with distilled water to nominal concentrations of 1 or 2 mg Cd/L (corresponding to 8.9 or 17.8 M Cd) and 10 mg Cu/L (corresponding to 157.4 M Cu).
Snails used for complementary DNA (cDNA) synthesis and isoform-specific polymerase chain reaction (PCR), as well as for demonstration of isoform-specific gel permeation chromatography and metal or MT concentration patterns, were exposed to Cd or Cu over a period of 14 d, with average Cd and Cu concentrations in the diet of 2.4 mol Cd/g dry weight and 8.3 mol Cu/g dry weight. Control animals were fed uncontaminated lettuce with average metal concentrations of 0.04 mol Cd/g dry weight and 0.39 mol Cu/g dry weight.
Animals used for optimizing metal saturation assays (CdChelex assay [BioRad Laboratory, Hercules, CA, USA] and ammonium tetrathiomolybdate [TTM] assay, see below) and for quantitative comparison of MT quantification methods were fed uncontaminated lettuce (for metal concentrations of uncontaminated diet, see above) or were exposed to dietary Cd (1.3 mol/g dry wt) over a period of 60 d.
Preparation of total RNA and cDNA synthesis
Organ-specific messenger RNA (mRNA) of Cd-and Cu-MT was examined with the reverse transcriptase (RT)-PCR technique in control snails and animals that had been exposed to Cd or Cu for two weeks (see above). Snails were dissected, and hepatopancreas and mantle tissues of five snails per group were isolated separately. Tissue aliquots of each organ were removed, dried, and processed for metal analysis as described below. Remaining tissue pieces were immediately snap-frozen in liquid nitrogen-cooled isopentane and stored at Ϫ80ЊC for further processing. Both Cd and Cu concentrations in organs of metal-exposed animals were 193 g Cd/g dry weight and 153 g Cu/g dry weight in hepatopancreas, and 4 g Cd/g dry weight and 343 g Cu/g dry weight in mantle.
For RNA isolation, 20 to 30 mg of tissue were finely ground in liquid nitrogen with a porcelain pestle and mortar. Total RNA Isolation Kit (Gentra Systems, Minneapolis, MN, USA) was adopted exactly as recommended by the manufacturer. Concentrations of eluted RNA were determined fluorometrically in triplicates with a fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA) using the RiboGreen kit (Molecular Probes, Leiden, The Netherlands). The 1.93 g of total RNA were first purified of DNA traces by DNase digestion using 2 U DNase (Ambion, Austin, TX, USA) in a 10-l reaction volume. The entire reaction volume was subsequently directly used for cDNA synthesis using oligo dT primers and Superscript II reverse transcriptase (Gibco, Life Technologies, Invitrogen, Carlsbad, CA, USA) by following the manufacturer's instructions.
Molecular cloning procedures
Both Cd-MT and Cu-MT cDNA fragments were amplified from tissue-specific cDNAs. The PCR primers were designed to amplify the entire coding region of both isoforms (product size for Cu-MT ϭ 225 bp; for Cd-MT ϭ 236 bp). The primer sequences were as follows: 5ЈCd-MT sense, 5Ј-CTCCA-TGGCAACCATGAGCGGAAA-3Ј; 3ЈCd-MT antisense, 5Ј-GCGTCGACTTGTCCTGCGGTTACT-3Ј; 5ЈCu-MT sense, 5Ј-CTCCATGGTCACAATGAGCGGACGA-3Ј; 3ЈCu-MT, antisense, 5Ј-GCGTCGACTTGTCGTTTATTTGCAG-3Ј. All sense primers contained an NcoI restriction site, and all antisense primers contained a SalI restriction site. The PCR fragments were cloned into the pGEM-T Easy Vector System (Promega, Mannheim, Germany) by standard cloning procedure [16] . The correct sequence of the inserts was analyzed by sequencing (MWG Biotech, High Point, NC, USA).
Isoform-specific PCR
Both Cd-MT and Cu-MT cDNA fragments were amplified from cDNAs of various tissues with the PCR method. Oligonucleotide primers were designed to distinguish amplification products of both MT isoforms as follows: 5ЈCd-MT sense, 5Ј-GGGATTCATCGCAGGACCTCA-3Ј; 3ЈCd-MT antisense, 5Ј-TTGTGGCTACGGCAAGTGGTT-3Ј; 5ЈCu-MT sense, 5Ј-CTCCATGGTCACAATGAGCGGA CGA-3Ј; 3ЈCu-MT, antisense, 5Ј-GCGTCGACTTGTCGTTTATTTGCAG-3Ј.
First-strand cDNAs were directly amplified using RT-PCR. A 0.5-l sample was added to a 10-l final volume reaction mixture containing buffer (2.5 mM MgCl 2 supplied with the enzyme); primer (1 M each); nucleotides (200 M each); and high fidelity polymerase (0.7 units, Roche, Mannheim, Germany). For Cu-MT specific amplification, 35 cycles of 15 s at 94ЊC, 30 s at 63ЊC, and 45 s at 72ЊC each were performed. For Cd-MT specific amplification, a two-step PCR protocol was performed with 30 cycles: The first five cycles were run with 25 s at 94ЊC and 3 min at 70ЊC, and the following 25 cycles with 25 s at 94ЊC and 3 min at 64ЊC; the final extension was at 64ЊC for 7 min (Mastercycler Gradient, Eppendorf, Hamburg, Germany). Detection of the amplified product (225 bp in the Cu-MT and 430 bp in the Cd-MT specific reaction) was determined by electrophoresis in a 2% agarose gel.
Preparation and purification of MT isoforms
The MT isoforms were isolated from homogenates of pooled snail tissues (hepatopancreas and mantle) dissected Table 1 . Differing molecular and biochemical properties of the two metallothionein (MT) isoforms characterized from Helix pomatia. Shown are the specific properties or parameters (1st column) for the two specific isoforms (2nd and 3rd columns) along with references to cited work in the literature or to the present study ( from 30 animals per time and metal concentration. Fractionation and purification of MT peptides was achieved by centrifugation, gel permeation and ion exchange chromatography, and reverse-phase high-performance liquid chromatography (HPLC) and ultrafiltration as described elsewhere [12, 13] . The Cu-MT isoform from the snails' hepatopancreas or mantle was isolated within 1 d in order to avoid oxidation [17] . For this reason, all subsequent experiments with the purified Cu-MT isoform were also carried out immediately following its isolation, but no later than 2 d after isolation.
Assessment of MT isoform properties
Many of the properties and quality parameters assessed for the two MT isoforms (Table 1) were determined in some of our previous publications. Amino acid chain length and composition, molecular mass, metal content, and stoichiometry as well as optical properties of Cd-MT from the snail's hepatopancreas and Cu-MT from mantle tissue were determined on purified MT fractions by combined amino acid sequencing, electrospray ionization mass spectrometry, atomic absorption spectrophotometry, ultraviolet and circular dichroism spectrophotometry, and metal titration as described elsewhere [12] [13] [14] 17, 18] .
Some of the parameters have so far been estimated and are now confirmed from experiments in the present study. Moreover, certain biochemical features for which no experimental data were available were derived from calculations based on the primary structure of the two isoforms with the program ProtParam tool contained in the software package ExPASy tools from GenBank (Bethesda, MD, USA). Detailed specifications for the derivation of parameters (experimental or calculated) are given in Table 1 .
Isoform-specific MT quantification via metal saturation
Isoform-specific quantification of Cd-MT and Cu-MT in hepatopancreas and mantle tissue of Roman snails was achieved by adopting a cadmium saturation approach specifically modified for separate determination of either Cd-MT or Cu-MT. The saturation assay was originally developed by Bartsch et al. [19] for quantification of Cd-MT and subsequently modified by Klein et al. [20] to also specifically quantify Cu-MT. In both cases, the approach is based on the loading of MT with excess amounts of Cd and by subsequent removal of Cd not bound to MT by the ion exchange resin Chelex-100 (BioRad). The following calculation of MT concentration refers to the Cd concentration measured in the MT fraction of the sample by considering the known metal stoichiometry of MT. In the case of Cu-MT, the loading of MT with Cd is possible only after removing Cu from MT binding sites prior to saturation with Cd [20] . In the original protocols, both assays are very sensitive, but their disadvantage for environmental monitoring lies in the fact that they work with radiolabeled Cd [19] . The radioactive saturation assay was, therefore, modified by Berger et al. [6] to specifically quantify Cd-MT in terrestrial gastropods by adopting nonradioactive Cd. In the present study, the nonradioactive approach was maintained, but both saturation assays were further improved and modified to specifically detect the Cd-binding MT isoform from the snail's hepatopancreas by means of the so-called CdChelex assay, and the Cu-binding MT isoform was detected from the hepatopancreas and mantle tissue by adopting ammonium tetrathiomolybdate (see Fig. 1 ).
For each determination, one snail was weighed and dissected. Aliquots of hepatopancreas and mantle tissues were removed and homogenized in 15 ml of 25 mM Tris-HCl buffer (pH 7.5) containing 5 mM 2-mercaptoethanol, 5 mM sodium azide, and 0.1 mM freshly prepared phenylmethyl sulfonyl fluoride. After centrifugation (20 min at 15,000 g), four supernatant aliquots (2 ml each) were adopted for the assay. In addition, two aliquots of homogenization buffer (2 ml each, see above) were taken as blanks and treated the same way as the samples. The 25 mM Tris HCl buffer containing 5 mM sodium azide (pH 7.5) was prepared as assay buffer. In the following procedure (Fig. 1A) , acetonitrile was added for denaturation of non-MT proteins followed by addition of a Cd solution (10 g Cd/ml) dissolved in assay buffer to achieve complete saturation of MT binding sites with Cd; in a last step, a small volume of a Chelex-100 resin suspension (1.1 g in assay buffer, see above) was added to remove any excess Cd not bound to MT from the solution. After each addition, samples and blanks were gently mixed on a magnet stirrer and centrifuged for 10 min at 15,000 g (Fig. 1A) . The Cd concentrations in blanks and sample supernatants were measured by flame atomic absorption spectrophotometry (see below), and sample metal concentrations were corrected for background levels by subtracting blank values. Finally, the molar concentration of Cd-MT was calculated from Cd concentrations measured in the MT supernatant and from Cd stoichiometry assessed for snail MT (6:1) [18] .
For quantification of Cu-MT, the protocol described by Klein et al. [20] was adopted after proper modification for purposes of quick and nonradioactive detection of Cd. This protocol involves the removal of Cu from Cu-MT by means of the chelator ammonium TTM assay. Snails were weighed and dissected as described above, and remaining aliquots of hepatopancreas and mantle tissues were homogenized in 15 ml of 25 mM Tris-HCl buffer (pH 7.5) containing 10 mM 2-mercaptoethanol, 5 mM sodium azide, and 0.1 M freshly prepared phenylmethyl sulfonyl fluoride. Prior to homogenization, the buffer was gently stirred in a N 2 atmosphere for 10 min. After centrifugation (20 min at 15,000 g), four aliquots of sample supernatants (2.5 ml each) were taken for the assay, and two aliquots of homogenization buffer (2.5 ml each) were prepared as blanks. The 25 mM Tris HCl buffer containing 5 mM sodium azide (pH 7.5) was used as assay buffer. In the subsequent procedure (see Fig. 1B ), the following reagents or mixtures were stepwise added by gentle stirring: Acetonitrile for denaturation of non-MT proteins; CM-Sephadex suspension (2 volumes in 1 volume of assay buffer, see above) to remove soluble cations; bovine serum albumin (30 mg/ml in assay buffer) as protection substrate against oxidation; gently dissolved ammonium TTM (1.3 mg/ml in assay buffer) for stripping Cu from MT; and diethylaminoethyl suspension (2 volumes in 1 volume of assay buffer) to remove the TTM-Cu complex. After stirring and centrifugation (5 min at 15,000 g), 2 ml of each sample supernatant were taken and subjected to a modified Cd-Chelex procedure (see above). After the addition of a concentrated Cd solution (10 g Cd/ml) for saturation of MT binding sites, excess amounts of non-MT-associated Cd were bound by Chelex resin. After each addition, samples were stirred and finally centrifuged (10 min at 15,000 g; Fig. 1B ) to remove the Chelex-bound Cd from the solution. The Cd concentrations were measured in the supernatants and corrected for blank values (see above). Finally, molar Cu-MT concentration was calculated from Cd concentrations in the samples on the basis of the known Cd stoichiometry of snail MT (6:1) [18] .
Spectrophotometric quantification of Cd-MT
In addition to MT quantification via metal saturation, Cd-MT from the snail's hepatopancreas was also quantified by spectrophotometry. The Cd-MT was prepared by chromatographic separation as described above. An aliquot (2 ml) of the purified MT solution was diluted to one tenth with 25 mM Tris-HCl buffer (pH 7.5) and subsequently analyzed for MT concentration by means of the Cd-Chelex assay as described above.
The remaining solution (30 ml) was washed and concentrated three times by ultrafiltration in an Amicon 8050 cell equipped with an Amicon YM1 membrane (Millipore, Bedford, MA, USA; 1 kDa cutoff) to reach a final volume of 4 ml in metal-free Tris-HCl buffer (20 mM, pH 8.6) [15] . Small aliquots (100 l each) were taken and used for spectrophotometric MT quantification. The method was based on the absorption of the known number of mercapto groups in the polypeptide chain as assessed by sequencing (see above) using the reagent 2Ј,2Ј-dithiodipyridine (Pys 2 ) at pH 4.0 [21] and referring to an absorption coefficient for single mercaptogroups of 7,060/M cm at 343 nm [18, 22] . Alternatively, Cd-MT quantification was achieved by ultraviolet spectrophotometry based on the molar absorbancy of holo-MT at 250 nm, as previously described and assessed with 250 ϭ 89.0 ϫ 10 3 M/cm [18] .
Chromatographic quantification of Cu-MT
An alternative quantification of Cu-MT was achieved by chromatographic fractionation and quantification of Cu peaks of the purified peptide. For this purpose several aliquots of the isolated Cu-MT preparation obtained from combined fractionation techniques (see above) were diluted with 25 mM TrisHCl buffer (pH 7.5) containing 20 mM 2-mercaptoethanol. These samples were applied to a gel permeation chromatography column (15 ϫ 30 cm) packed with Sephacryl S-100 (Pharmacia Biotech, Amersham, Buchs, UK) and eluted with 25 mM Tris-HCl buffer (pH 7.5) containing 20 mM 2-mercaptoethanol at a flow rate of 3 ml/min. Column calibration was achieved by a mixture of standards of known molecular mass. Eluted fractions were analyzed for absorption at 254 nm and for Cu concentration. The Cu-MT concentration was calculated from the amount of Cu in eluted MT fractions by referring to the known stoichiometric metal:protein ratio of 12:1 in the reduced peptide [17] .
Metal analyses
All tissue samples were oven-dried at 60ЊC and wet-digested on a heated aluminum block at 70ЊC with 2 to 3 ml of a mixture of Suprapure nitric acid and distilled water (1:1) and a few drops of H 2 O 2 . Metal measurements (Cd and Cu) were performed in diluted samples by flame atomic absorption spectrophotometry (Perkin-Elmer, Boston, MA, USA, model 2388) using deuterium background correction if necessary. Calibration was achieved by means of Titrisol standard metal solutions (Merck). Lobster hepatopancreas (TORT 1, National Research, Ottawa, ON, Canada) was used as certified standard reference material to check accuracy and reproducibility of metal measurements that were found to be within the accepted means (Ϯ10%) of certified values.
Samples from saturation assays (Cd-Chelex or TTM assay) were digested overnight at 70ЊC after addition of 1 ml nitric acid (Suprapure, Merck). The Cd concentrations were measured either by flame or graphite furnace atomic absorption spectrophotometry with deuterium (Perkin Elmer, model 2388) or Zeeman background correction (Hitachi Europe, Maidenhead, Berks, UK, model Z-8200).
Metal concentrations (Cd and Cu) in fractions from chromatographic separation were measured by direct aspiration of samples into the flame of the instrument (Perkin-Elmer, model 2388). At very low concentrations, aliquots of fraction samples were diluted with distilled water, and metal concentrations were measured by graphite furnace atomic absorption spectrophotometry (Hitachi Z-8200) with Zeeman background correction using Pd(NO 3 ) 2 as a matrix modifier.
Statistical analyses
For statistical analyses, the software program Statistica, Version 6.0 (StatSoft, Tulsa, OK, USA) was used. After positive normality testing, Student's t test was applied to test for pairwise differences between metal concentrations in tissues of metal-exposed snails versus control animals.
RESULTS
Isoform specificity at the molecular level
The complete cDNA and translated amino acid sequences of both MT isoforms are shown in Figure 2 . At position 22 of the noncoding 5Ј region, the cDNA of the Cd-MT isoform contains a short element (gccaat) that has been known to act, in MT and other genes, as a binding site for the nuclear transcription factor I [23] . The translated amino acid sequences of the coding open reading frame of the two isoforms correspond-apart from the N-terminal methionine residues that are lacking in the processed peptides-exactly with the respective primary structures decoded previously by amino acid sequencing and confirm, in spite of the apparent similarity of snail MT with MTs from other animal species [11] [12] [13] , the relatively large divergence in the primary structure between the two isoforms [14] .
The very sensitive RT-PCR-based method demonstrates that the Cd-MT mRNA signal in hepatopancreas (with a size of about 430 bp) becomes more pronounced upon Cd exposure compared with uninduced snails or to animals treated with Cu (Fig. 3, left-hand panel) . In contrast to this, the strong mRNA signal of Cu-MT in the animal's mantle (with a size of about 220 bp) seems to remain unaffected, irrespective of whether snails were exposed to Cd, Cu, or neither of these two metals (Fig. 3 , right-hand panel). This finding is also supported by our recent data obtained from quantitative RT-PCR, which shows that Cu-MT mRNA is constitutively expressed in the mantle but is not induced by exposure to Cd or Cu [24] .
Isoform-specific biochemical properties
As shown in Table 1 , the two MT isoforms from hepatopancreas and mantle tissue of Roman snails are typically small, cysteine-rich proteins sharing many of their features with other MT molecules [10] . In spite of these common features, the two peptides clearly differ from each other with respect to some of their basic molecular properties. The most striking difference is their metal specificity, which characterizes one isoform as a Cd-binding peptide and the other as a Cu-binding molecule with clearly distinct metal contents and stoichiometries in vivo and in vitro ( Table 1) .
The Cd-binding MT isoform is slightly more hydrophilic than the Cu-binding isoform. The apparently low estimated half-life of the Cd-MT suggests a low stability (Table 1) , but the isolated peptide has been shown to be fairly stable under both in vivo and in vitro conditions. This is probably due to the acetylation of its N-terminal serine residue [12, 13] , which confers to the molecule a much higher resistance against ubiquitin-mediated proteolytic attack than estimated theoretically by the N-end rule [25, 26] . In spite of the very low aliphatic index that suggests low thermostability [27] , the isoform is stable upon heat treatment at 90ЊC over at least 10 min (see Table 1 ). The high thermostability of the peptide seems to be merely the result of its metal cluster structure conferring to the molecule a particularly high structural firmness. In addition, the small size and supposed dumbbell-like shape of MT peptides [28] set these molecules clearly off against most other proteins. Hence, the thermostability of the peptide can be attributed to factors other than the aliphatic index [29] . As a sulfur-rich molecule, the Cd-MT is susceptible to oxidation, which can be prevented or retarded, however, by taking precautions during isolation and storing. Most important for quantification by a simple saturation assay is the fact that the Cd-MT molecule also shows high resistance against denaturing chemical solvents such as acetonitrile (Table 1) .
In principle, the Cu-MT molecule shows stability features similar to those of the Cd-MT isoform. One apparent difference is that the estimated half-life of the Cu-MT is higher than that of the Cd-MT isoform (see above). More significant, however, is the fact that the isolated Cu-MT peptide is much more quickly subjected to oxidation than the Cd-binding isoform (see Table 1 ). The main reason for the strong susceptibility of the Cu-binding isoform toward oxidation is the peptide's content of Cu ϩ , which is readily oxidizable to Cu 2ϩ , giving rise to structural disintegration and instability of the metal cluster [17] . In contrast to the Cd-MT isoform (see above), however, the oxidation of the Cu-MT molecule can only in part be prevented by addition of reducing agents under normal aerobic conditions, and this represents one of the major problems in handling this isoform.
Isoform specificity at tissue level
Although our recent studies have demonstrated the presence of both isoforms, at least at very low concentrations, in nearly all snail tissues [24] there are some organs that, probably due to their specific metabolic functions, predominantly contain one of the two isoforms in much higher concentrations than the other. This is shown in Figure 4 by comparison of chromatography patterns of tissue supernatants from the hepatopancreas and mantle. In uncontaminated snails, the hepatopancreas contains virtually no Cd and moderate concentrations of Cu, which is eluted, apart from the high molecular weight hemocyanin peak, in the lower molecular weight range as a typical constituent of Cu-MT ( Figure 4A ). After exposure to Cd over 14 d, a distinct Cd peak appears in the same molecular weight range that also contains the Cu-MT fractions (Fig. 4B) . This Cd peak has been identified as the snail's inducible Cd-MT isoform, which, due to its Cd specificity and particular molecular features, can easily be separated from the Cu-MT isoform also present at much lower concentrations in these fractions by reverse-phase HPLC (Fig. 4B, inset) . On the other hand, the mantle tissue of Roman snails contains, in addition to the high molecular weight hemocyanin, a Cu-containing component eluting as a distinct peak in the low molecular weight range (Fig. 4C) . This peak has been characterized as a Cu-MT differing in its primary structure and properties from the Cd-MT isoform. In contrast to the situation in the hepatopancreas, however, the concentration of this isoform remains unaffected and, moreover, no Cd-containing peak appears besides the Cu-MT upon Cd exposure (Fig. 4D) , as also shown by reverse-phase HPLC (Fig. 4D, inset) . These results clearly demonstrate that the two MT isoforms exhibit, apart from their organ-specific expression behavior (see above), an organ-specific pattern of occurrence at the protein level.
Quantification by isoform-specific saturation assays
The predominant occurrence of either of the two distinct MT isoforms in two different organs (hepatopancreas and mantle), their binding preferences for different metals (Cd or Cu) with metal-specific stoichiometries, their distinct biochemical features, and hence the fact that the two peptides can easily be distinguished by separation techniques make the two MT isoforms from H. pomatia excellent candidates for a differential quantification approach that might be used for environmental pollution studies. In the present work, both MT isoforms are quantified by distinct Cd saturation assays (see Fig.  1 ). Both assays were originally designed for radioactive Cd detection [19, 20] but adapted for nonradioactive assessment previously [6] and in the present work. In the case of Cd-MT, the assay is based on direct saturation of the peptide's metal-binding sites by excess amounts of Cd. As a consequence, any fractions of Zn 2ϩ ions that are possibly bound to the protein at low levels of Cd contamination are replaced by Cd 2ϩ ions, which possess a higher affinity to the protein's mercapto groups than Zn 2ϩ ions [28] . The quantification of Cu-MT is also based on a Cd saturation assay. In this case, however, the Cu protein must first be liberated from Cu ϩ ions that occupy all binding sites of the protein in vivo [13, 17] and exhibit a much higher affinity to MT mercapto groups than Cd 2ϩ ions [29] . Removal of Cu ϩ ions from the MT sample is achieved by applying the strong metal chelator ammonium TTM. That this method works properly has been shown in an earlier study where Cu ϩ ions were removed from Roman snail Cu-MT prior to electrospray ionization mass spectrometry analysis [13] . Only after this step can the free binding sites of the protein be saturated with Cd 2ϩ . The replacement of Cu ϩ by Cd 2ϩ for purposes of MT quantification was successfully applied for the first time by Klein et al. [20] . The advantage of this approach lies in the fact that the Cd-binding variant of the Cu-MT isoform obtained in vitro is much more stable than its Cu-binding counterpart existing in vivo. The latter is highly susceptible to oxidation during isolation and, hence, hardly accessible to proper quantification under normal experimental conditions.
One of the most important methodical preconditions for the functioning of the saturation approach is the relatively high stability and chemical resistance of the Cd-binding variant of both isoforms under in vitro conditions during preparation and quantification. Because of these stability features, the two MT peptides can be saturated with Cd 2ϩ under adverse chemical conditions (e.g., upon presence of denaturing agents), allowing removal of most of the other proteins that potentially compete for Cd 2ϩ ions by unspecific binding from the rough homogenate solution. This is exemplified in Figure 5 , which shows, on the basis of gel permeation chromatography patterns, three distinct steps in the metal saturation process of the Cd-binding MT from hepatopancreas tissue. The first pattern (Fig. 5A) shows, beside lower amounts of Cu-MT, the presence of the Cd-MT isoform as a distinct peak in hepatopancreas homogenates of Cd-exposed snails after acetonitrile treatment. binding isoform are saturated with Cd 2ϩ , whereas excess amounts of unbound Cd 2ϩ ions are eluted in the low molecular weight range (Fig. 5B) . In the present case, the Cd-MT peak in the chromatogram remains virtually unchanged after Cd addition when compared with the respective peak of the previous step (Fig. 5A) , since it represents the nearly pure Cdbinding variant of the isoform that is present in vivo. It can be considered as already saturated with Cd 2ϩ as the result of exposure of snails to this metal. The third step of the saturation procedure is represented by treatment of the Cd 2ϩ -saturated homogenate with a suspension of Chelex-100 that is added to the assay to remove all excess Cd 2ϩ ions not bound to Cd-MT. The efficiency of this removal is demonstrated by the disappearance of the Cd peak in the low molecular weight range (compare Fig. 5B and C) .
The reliability of MT isoform quantification based on metal saturation was tested by comparing the results from the Cd-Chelex and TTM assays with data obtained for both isoform preparations by alternative quantitative approaches including spectroscopic and chromatographic methods ( Table  2 ). The concentration of Cd-MT assessed by means of the Cd-Chelex assay appears to be in good agreement with quantification data obtained from mercapto-group assessment and from Cd-MT the extinction coefficient. Likewise, the concentration of Cu-MT assessed by means of the TTM assay is in the same range as concentration data resulting from quantitative chromatography determination. In nearly all cases, the results from spectroscopic or chromatographic approaches match very closely with data obtained from the saturation assays, with deviations of typically less than 10% (Table 2 ). This demonstrates that in principle, MT quantification by metal saturation assays represents a feasible approach for the determination of snail MT isoform concentrations.
Metal-specific induction patterns
After clarification of the methodical preconditions for isoform-specific quantification of the Cd-and Cu-binding MT peptides in Roman snail tissues (see above), a simple experiment was performed to test metal-specific induction patterns of the two isoforms by Cd 2ϩ and Cu 2ϩ at the protein level (Fig.  6 ). It appears that upon feeding of snails on a Cd-contaminated diet, Cd concentrations in hepatopancreas and mantle tissue of exposed individuals increase significantly above control levels, and at the same time the Cd-MT isoform in the hepatopancreas is induced by the metal applied (Fig. 6A ). This is confirmed by the results in Figures 3 and 4 , which show that this isoform specifically responds to Cd exposure on both the molecular and protein levels. As shown in the second article of this series [30] , the Cd-induced expression of Cd-MT in the snail's hepatopancreas is proportional to the Cd concentration in the diet. On the other hand, exposure of snails to a Cu-rich diet is followed by an increase of Cu concentrations in both the hepatopancreas and mantle tissue. In this case, however, neither of the two MT isoforms are induced (Fig.  6B) , indicating that concentrations of the Cu-binding MT isoforms in mantle tissue do not change significantly as the result of external stimuli provided by Cu exposure. In summary, the results of this experiment corroborate molecular findings demonstrating tissue-and metal-specific induction patterns of the two isoforms on mRNA level (see Fig. 3 ).
DISCUSSION
Knowledge of the biological background as an essential precondition for the biomarker approach
Generally, MTs are regarded as multifunctional proteins that can perform different functions at once, most of them in connection with trace element metabolism, metal detoxification, and radical scavenging [31] . A consequence of this may be the possible induction of MT synthesis in most animal species by metal ions such as Cd 2ϩ , Zn 2ϩ , and Cu ϩ [32] . In addition, certain organic chemicals, oxidative stress, and exposure to ionizing radiation can also induce MT synthesis [33] . R. Dallinger et al. Because of their induction by so many environmentally relevant factors, MTs have repeatedly been proposed and used as biomarkers, especially with respect to metal pollution of aquatic, marine, and terrestrial environments [11, [34] [35] [36] . One problem that may often complicate such studies is the fact that in addition to metals and other environmental stressors, the synthesis and tissue concentrations of MT can also be modulated by intrinsic factors such as animal age, development, and reproduction, as well as natural extrinsic influences including seasonal, climatic, and chemical fluctuations in the environment [2, 37] . Apart from this, MT synthesis may also be influenced by ecophysiological constraints that determine the uptake and incorporation of inducing chemicals, especially MT-inducing metal ions [38] . All of these factors determine and modulate MT induction rates, MT synthesis, and MT tissue concentrations of an animal in a species-specific manner and, hence, cannot be simply implied from one species to another [39] . The metal ion Cu 2ϩ , for example, can induce MT expression in most vertebrate species [40] , but not necessarily in invertebrates (see the present study). Moreover, different MT isoforms in one species may perform different functions, thus responding to inducing agents by differential induction patterns [14] . Consequently, an MT biomarker approach successfully applied in a certain species may not necessarily work in another. It follows from these arguments that the MT system of a species and the factors determining its response patterns should be known as thoroughly as possible to successfully use such a system in a biomarker approach. There is no doubt that the biological and biochemical background of the dual MT system in H. pomatia and some related helicid species is one of the best-known so far available, at least where terrestrial invertebrates are concerned [11, 14, 36] . We believe that such knowledge is a crucial condition for every biomarker study.
MT isoform specificity as an important prerequisite for a differential approach
The dual MT isoform system observed in H. pomatia and some other related pulmonate species so far appears to be a unique model within the animal kingdom [10] . The peculiarity of this system consists of the exceptional adaptation of the two MT isoform molecules to the metabolic requirements of pulmonate snails by exhibiting differential specificities in many respects: The two peptides are specifically or at least Isoform-specific metallothionein quantification. I.
Environ. Toxicol. Chem. 23, 2004 899 preferentially expressed in different tissues and cell types (see Figs. 3 and 4) with differential induction patterns in response to extrinsic stimuli (see Fig. 6 ); they are highly metal-specific, even under in vivo conditions; and they perform different metal-specific functions. Although the Cd-binding isoform prevailing in the hepatopancreas serves detoxification of Cd 2ϩ , the Cu-binding isoform in the mantle is devoted to homeostatic regulation of Cu ϩ metabolism, apparently in connection with hemocyanin synthesis [14] . This strict dual specificity in terms of function must have a distinct structural basis, as shown by primary structures (Fig. 2) and biochemical features (Table 1) clearly differing among the two MT peptides [14] . As their primary structure is concerned, the two MT isoforms from H. pomatia show, of course, a relatively high similarity among each other, and also in comparison with MTs from other mollusks and even other animal species. This apparent similarity has to do with the basic metal-binding function shared by all of these molecules and becomes most evident if key structural elements such as numbers and positions of Cys residues and of Cys-Xaa-Cys motifs are considered. The evolutionary significance of these similarities has been discussed elsewhere [10] [11] [12] [13] . In spite of this basic similarity, however, the two MT isoforms from H. pomatia differ so significantly from each other in certain regions of their primary structure that they have attained metal-specific tasks during evolution, thus representing a truly dual, function-specific MT system. The only other example of a dual MT isoform system similar to that in terrestrial snails has so far been reported from some marine crustaceans that also seem to possess at least two different MT isoforms or isoform variants. In the blue crab Callinectes sapidus, for example, one of these MT isoforms is Cu ϩ -binding and responsible for the metabolism of this essential trace element in favor of hemocyanin synthesis, whereas two or several others are apparently involved in the protection of animals against Cd 2ϩ exposure [41] . The Cu-specific MT isoforms existing in vivo have also been reported from vertebrates affected by Wilson's disease [42] and, outside the animal kingdom, from some fungi and bacteria that possess aberrant Cu-binding MT peptides [43] . In most other organisms, however, the MT isoforms described so far do not seem to be metal-specific in terms of the metal species bound, at least under in vivo conditions. Rather, they represent metal mixture variants with essential and nonessential metal ions such as Zn 2ϩ , Cu ϩ , and Cd 2ϩ being bound simultaneously and to varying ratios in the two metal-binding protein domains [44] . Metal and function specificity can in part be achieved by these peptides because of the fact that their metal-binding domains exhibit varying affinities and release rates for the different metal species bound [44] .
By virtue of their strong functional specificity and distinct responsiveness to external stimuli, the two metal-specific MT isoforms from H. pomatia and other pulmonates provide, much more so than most other MT proteins, excellent tools for a differential biomarker approach that could be used for indication of environmental metal pollution and other kinds of extrinsic stressors. In addition, metal specificity and differing biochemical features of the two isoforms allow their concentrations to be quantified by means of isoform-specific metal saturation assays, thus rendering this approach even more efficient. This has been shown recently for Cepaea hortensis from metal-contaminated field sites where the Cd-MT isoform of this species has successfully been used as a biomarker for Cd pollution [36] . The present study with H. pomatia provides another valid example for this approach, with both the Cdand Cu-MT isoforms being used as biomarkers. However, because of the strong and manifold specificity of this system, and owing to the fact that its biological background in pulmonate snails is fairly known, the differential MT biomarker approach developed in this study is successful with pulmonates, but cannot simply be applied to other species and other MT proteins.
Background and approach to methods
Metal saturation assays have repeatedly been used for quantification of MT concentrations in animal tissues [35, 38] . In all of these studies, the crucial approach consists in the saturation of MT molecules with a tightly binding metal species capable of replacing at the protein's binding sites all those metal ions exhibiting a lower affinity to the protein compared with the saturating metal species used in the assay. The relative affinity of metal ions to MT has been confirmed as Hg 2ϩ Ͼ Ag ϩ Ͼ Cu ϩ Ͼ Cd 2ϩ Ͼ Zn 2ϩ [45] . Consequently, saturation assays with Cd 2ϩ replacing Zn 2ϩ [6, 19] ; Ag ϩ replacing Cu ϩ , Cd 2ϩ , and Zn 2ϩ [46] ; and Hg 2ϩ replacing all other metal ions [47] have been developed. Problems of MT quantification arising from metal saturation approaches in general have been discussed in detail in previous articles [6, 19, 46, 47] .
Here, we focus on some methodical aspects that are important with respect to the differential, isoform-specific quantification assays used in the present work. Compared with a previous study where a Cd 2ϩ saturation approach was already used for MT detection in the terrestrial snail H. pomatia [6] , some significant details of the Cd-Chelex assay have now been improved. First, concentrations of some chemicals and reagents used for the assay buffers have been reconsidered. During homogenization, the concentration of the reducing agent 2-mercaptoethanol was reduced to 5 mM compared with 20 mM in the original assay [6] . The reason for this is that in our experience, high concentrations of 2-mercaptoethanol in the sample tend to interfere with Cd determination by flame atomic absorption spectrophotometry, especially in blanks, in spite of background correction. Moreover, the concentration of the Cd solution used for saturation of MT in the assay samples was reduced to 10 g/ml compared with 50 g/ml in the original assay [6] . Furthermore, the procedure during the assay was simplified in comparison to the original approach [6] by omitting or shortening certain centrifugation steps (see Fig. 1 ).
As far as the TTM assay for Cu-MT quantification is concerned, particular attention must be paid to the susceptibility of the Cu peptide toward oxidation during preparation. For this reason, the concentration of 2-mercaptoethanol in the homogenization buffer was adjusted to 10 mM; in addition, oxidation was prevented by treatment of the buffer with N 2 (see above).
In summary, these measures allow a relatively precise quantification of the two MT isoforms. In general, it seems that at low MT concentrations in the sample, the two saturation assays tend to slightly overestimate MT concentrations by about 5 to 10% compared with determinations assessed by spectrophotometric or chromatographic methods (see Table 2 ). This overestimation may be due to an interference by other metal-binding compounds also present in the samples and becomes more significant when the specific MT isoform to be determined is present at lower concentrations. In fact, the spectrophotometric and chromatographic quantification methods rely on highly purified protein fractions, which after reverse-phase HPLC normally yield distinct, homogeneous MT peaks [11] [12] [13] . In unpurified sample homogenate preparations, however, additional low-molecular Cd-binding ligands such as Cd glutathione complexes may be present, which contribute to somewhat higher Cd values than expected from Cd-MT alone. Moreover, the normally low levels of Cu-MT that is always present in the hepatopancreas beside Cd-MT seem to slightly increase the values for Cd-MT obtained by the saturation approach. The reason for this could be that Cd 2ϩ ions may replace, at least to a low degree, Cu ϩ ions from their binding sites in Cu-MT. This seems paradoxical at first, since Cu ϩ ions possess a higher metal-binding constant in MT peptides compared with Cd 2ϩ ions. However, MTs are multidentate ligands offering many individual attachment points for competitive metal binding. This may lead to the replacement of Cu ϩ by Cd 2ϩ ions to a higher degree as expected theoretically because of ligandinduced accelerated dissociation [48] .
Conclusion
The present study shows that Cd-MT and Cu-MT isoforms in H. pomatia can separately and reliably be quantified by a differential metal saturation approach that can potentially be used for environmental biomarker studies. The approach works on the following preconditions: The two isoforms possess different structures and isoform-specific molecular and biochemical features, they are metal-specific, they are organ-specific, they possess distinct induction patterns in response to the metals that they normally bind, and their biological and functional background is thoroughly known.
